I Well Logging Calculations
'I%e pur~)rw of nuclrru well l@ng h to drt?rnline the Iith(dogy mId fluid chnrnrterinticn~]f the mnterinln nurrolln(ling the hmrhole hy using neutron or photon rndinliorr mourma. '1'IIF rndinti(m in(er~ctn with the tnmtrridm in and around the borehole, Sensitive detectorn are used to measure the scattered radiation. Interpretations of these measurements are required to aaeeea the properties 0[ the mrrrounding material. The data interpretation usually are made breed on benchmark meaaurementa with the tool in a series of known borehole configurations, information from other logging tools, and detailed radiation transport calculations of the tool in the benchmark and downhole environrnenta.
The purpooa of the calculations are to predict and understand the meaaured reaulta in M much detail M pomible, Additional calculations can be used to provide calculated tool reaponaes where meuurement standards do not exist. Consequently, environmental corrections to the tool reoporwe resulting from changea in downhole conditions can be modeled using accurate radiation transport calculations. Thue calculations can provide detailed insight into the reeponsa of the tool, which ia crucial to r+rrigning new or improved nuclear tools.
Nuclear well logging problerm are difftcult radiation transport calculations for oeveral reaaons, ThprobIerna are inherently three dimermiond and are time dependent for puhed radiation murcm, The prohlema reprment mediurmt-deep radiation penetration nnd oftm require a coupled neutron-photon capability, Extremely nccurate calculational reoults are nmded to extrnrt M much information u pcmible from the meururemrntn, Iligh accuracy require~an accurate rcpresnntation of the xourre, n detailed geometric model, and the heat nnd moat extensive nuclear and atomic data that u available.
Thr Mont? Carlo m~thod nddre~-the mrnplrxitirn of timr-dep~ndent collpled-particle trmnport in complic~tml thr-dinwn-iond ,gmrrwtriw wring Aetnilwl crrntinurmsm-rrr~drnta Iihrnritw,
The MCN P code with iln anaoriated dda Iihrnriwr u well equipprd to nolv? Ihmr kiniln of difllcu,~radiation tranoport prohlrrmr setup three dimensional problems with a color graphics display of geometries and particle tracks, The final code in the system is the LAHET (Lea Alamos High Enertg 'Ilmsport)
code [6] that is u=d to tr~~nsport neutral and charged particles with energies ranging from a few MeV to in exc=a of 10 GeV. Nuclear and atomic data libraries containing the best, available data are also a crucial part of the LA RTCS.
The remainder ofthirr paper will discuss the MCNP code capabilities and data Iibrariee with emphasis on nuclear well logging calculation. For some datn sets, there are well over 10000 energien at which crcms sections are tabulated.
MCNP History and Overview
In addition, there are typically dozens of energy-angle tablee at varioua incident neutron energies for each neutron-producing reaction.
Low energy neutrons arc treated in two differ~nt ways, The first and mat detailed and accurate treatment is the S(a,@) data that includeu molecular and crystalline binding effects at specific temperatures in selected mw terials (pr-ntly, H20, D20,Be, BeO,Zr Fl:, polyethylene, graphite, and benzene),
The second treatment is the free gas model where the nuclei are assumed to be a gM having an isotropic Maxwellian distribution of velocities that is dependent on the temperature of the matcrinl. In addition to the neutron tr~nsport data discussed above, a neutron doaimetry library is available for sclectcd isotopes.
This library cnntnirw data for npecific neutron reactions that are used to calculate rcaponsea nuch M rraction rates and particle productirm rntcs wtmn tohled with Caicuiated neutron fluxe9.
For collpled problems, detailed neutron-induced photon data are included for all evaluations for which the datn exist. All of the energy-dependent and energy-independent photon Iineo and continuum durtributions are inclu(l~d in theoe data to provide the capability to cnlculatr detmilrd photon npectra. These characteristic photon limw and thrir intensitim are important for cnlculnting the (Ictnilrd (n,~) rcnponue for nurl~ar Wll logging tools.
'f 'he MCNP photon interaction librnry ctmt.ainn ,Ist,a based on the EN f) F/ii-V q valuations pluo Storm and Israel vvaluationm for n frw high mtomic numhrr Irwnprs 'rhe cnr;gy range for photon trnnnport in N1('NI) in lJctwren 10-3 nnd 100 M~V. 
MCNP Cells and Surfaces
Cells are the bMic geometric unit in MCNP, They locate materiafs and are used for volume tallies and variance reduction parameter upeciticltion.
Surfac= are used to create crlln in Cartesim coordinates using the mathematical sense of space on either side of the surface.
Surface talliea are made on surfacm. Cells are constructed using the 13001can interrmction, union, and complement operatora. Parrnt!wam control the order of execution of the three opmntora.
Specification of cclfa using body geometry in av~ilable with SAURINA, A general repeated structure cnpmbility is available to reduce geometry setup time when portions of the geometry mppear more than once, M(;NP allows eaay npeciflcation of cclln with skewed cur-(acea Surh a cell can be defined in a convenient auxiliary ( 'nrtr~inn roordinnte nynt~m, The rel~tion between the nuxilimry myntrm nnd tlw primmy system then in suppliml 10 ilw code hy lhc un~r, \l( 'NP zllrfawrr are deqned by all flral. *nd 8rrond-or~lcr rqllntionn and certain fourth-rxdm '1'hifi grnphirn rRpnllIlIty llltin 1110Illtprnctlvr fr.~tllrrir mll~;w .SAIIRI!UA to rrwlurr significantly the effort required to construct a complicated MCNP mode!. The tmt option in SABRINA is useful for finding errora in the model.
The code can show actual Monte Carlo particle trwks superimpcwed on the geometry.
MCNP Sources
MCNP haz a highly generalized fixed source capability to specify a radiation rmurce at a point, on a surface, in a cell, or any combination of the three, Source variablee can be defined as a value, aa an independent diatrib(~tion, or aa a distribution dependent on mrother source variable. All input zource parameter can be biaaed in various wnys by the user. A subroutine SOURCE exists so the user can write his own coding, but this iz seldom needed.
When a problem can be separated into two or mor ! parts, a particle surface murce option is available. For this murce, MCNP writee a file containing information about particlen croaaing one or more eurfaceo. This file can be uzed in subsequent calculations to study various geome tries on the other side of the surfacm without having to rerun the initiaf problem.
This feature cl n be useful for designing detectors and their spacing in W:II logging tools.
MCNP Variance Reduction
Analog Monte Carlo calculations, where the particles' random walks directly follow the phypical procmsea, are umally efiective only for problems where subntnntial numlwrs of particles are in the tally regicrns. For more di~lcu]t problems, ouch M those that occur in nuclear well logging, variance rtduction techniques uoing nonmialog schrrnm munt be used. Theee techniquar combin~particle weight m-mtrol and sampling from biaaed prohnhillty drrrnity functions with particle weight correction to increw problem efilciency, eometimes up to many ordero of magnitude.
MCNP hm many eophieticated varimnce reduction terhniqu~that have been developed for and thoroughly trntrtl on a wide variety of Loa Alnmoa prohlmna. I)rc wntly, there are the following 15 techniqua in MCNP: ilnportnncr fiplitting and RussIan roulette, weight cut,ofl with Runsinn roulrtte, qergy nplitting wilh Rumian rolllrtt~, t imr rutoH, q nrw~v cutoff, implicit rapturr, qxporwnl ird lrRnsfOrrn, forced collinionO, corr~latcd mmpling, nourre hiruing, vnrlnm forrnx of the point detertor tnlly, DXTNA N, nFIIt rnninducml photon oourm wright control and Iinr wlrrt ion, nnd w~ight winrlown, Mnny of tlwae techniqlwr nrr tinr~l togpther routinrly to pro{luce nmr~WIcirnt hlmrtr ( "nrh) nollltionn to nuclrw wrll logging pr(]hlerm '['11PRppllcn tion of M(. NP vnrinncr rrdllrtiorl terhniqww to n Mntrll)lr prohlrm in dincunned in refrr~nre I 5, One of the rwwcat Mr-hni(lllm irl M( 'Nl) in thr w'I-IglIl wintlf~w thnt keeprr th~pnrticlr wrightn withlrl {Icfirl?(l Ilrll itn M n flll)rtltm of rnrrgy nn(l rrll Wriglll WlllllrlW~Irlllfll t)-IInml with rnrr nn(l with m{~llwl)l)yMIcnl irl~lgllt Inli} Ilw problem, MLNP haa a weight window generator [16] to determine appropriate -window parameters by running the equivalent of an adjoint calculation in the forward mode. The weighl window generator arrd the weight window have been successfully applied to a variety of problems, including well logging. More information on the weight window and all of the NICNP variance reduction techniques is available in the MCNP manual.
MCNP Tallies
MCN P ccn tally by particle type the radiation particle quantitia of flux, current, and heating.
The only limit to the number of tallies irr a problem is computer memory. All tallies can be made w a user-specified function or space, energy, and time. Fluxes can be tallied in a vo'ume or in portionn of a volume, on a surface or on portions of a surface, or at a point or at a point on a ring. Particle current tallies are made on ourfaca or on portione of surfac~with the cmine of the angle of crcming relative t o the surface normal as another tally variable. Heating (energy depmition) tallies by cell or portions of cello are also available.
The quantities required for the calculation of the estimated relative error of each tally result are calculated at the end of each history.
A figure of merit, defined to be the inverrw of the rrlntive error aquared tima the comput~r time, is provided for each tally hy history number, This quantity is useful for determining if a tally is otalistically well behaved arrd for optimizing the overall q fficiency of a calculation, M(; NPcontaine many features to convf rt fluxtm Ls renction ratea or to modify fluxa by rmpon~functione. 'rhere are user-specified bin multipliers and energy functions av~lablc.
It is raay to multiply fluxes by eunm and pdilcti, of any :he rr=~tion cross rrections of a material to produce desirwl rrAction rates, Other useful featuree in the code for WPII logging problems are flagging talliee I))z the ceils or nllrfac~s that the particl~crew, tallying I)y the mliiaion nullllwr of the particle, and providing a I Irrw convolution for a much more qffici~nt calculation for . Virtually all storage arrays are dynamically allocated, keeping each problem M small M possible on the~~lmputer. The MCNP aollware is designed to be modified by users. All variables that appear in COMMON are defined in the MCNP manual, MCNP is maintained M a single rmurce code. To achieve portability, a preprocesmr for the source code is required such M UPDATE, HISTORIAN, or MCNP'S own portable preprocemor.
The preprocessor generates a source deck with the appropriate COMMON decks and conditional compilation directives for the specified computer system. The data files and graphics are also portable.
To date, MCNP has been compiled, loaded, and run on at least the following machines:
Cray ((XSS, COS, and UNICOS), CDC (NOS), IBM, VAX, PRIME, SUN, APOLLO, EN-CORE, and RIDGE,
MCNP is distributed for La Alamca by the Radiation Shielding Information
Center (RSIC) in Oak Ridge, Tmneaase. They receive about 50 requests per year for MCN P. RSiC provides a copy of the code and documentation for each request and answem questions concerning installing the code on d;tTerent computers, Requests for MCN 1' should be directed to RSIC.
MCNP Usage & Applications
Vrrsion-tmversion qunlity aaauranrr in v~riflwl hy rllnning and checking a variety of trrrt problems thnt, AAn~t, q x. 
\'ersion q of MCNP

of MCNP
has been under development for the last two years and will provide several new capabilities. This version has been restructured internally so that othel kinds of particle physics can be added to the code with a nlinimum of effort. MCNP will stand for Monte Carloã rticle, to emphasize the expanded scope of the code. As a first step in this direction, electrons have been added as a third particle type.
A continuous-energy electron transport package and aaaociated data based on the Integrated Tiger Seriea [17] developed at Sandia National Laboratory h= been incorporated into MCNP. A thick target f3rernastrahlung electron-induced photon production model using these data haa also been incorporated into Version 4 to incl'~de much of the electron physics for photon generation at a fraction of the coat of the fully continuou+energy electron treatment. Another important addition to MCNP is a shared memory mullit~king capability. The clock turnaround for nmltitaaked problems ia reduced by approximately the number of processors used in the calculation.
The code haa been successfully multi taaked on the Los Alarom Crays and the Apollo scientific workstation.
Multitasking for other SY* terns will require special modi!lcationa to MCNP because of the highly nonportable aspects of parallel processing. There are many other improvements to the code. One of special interest for nuclear well logging calculations is the addition of a pulse-height detector tally. This tally recordo the energy deposited in a cell by esch source particle and its secondary prwticles. This new type of tally is different from rdl other tallies in \lCNP because the microscopic evento must be modeled M realistically aa pcxwibie. Except for special camw, .)urce timing in the only varimce reduction technique allowed with the pulrm-height tally.
A(lditirmal testing in required on Version 4 before it goes into production slatus at La AleunmY and then is rele~ed to RSIC, A tentative time frru-ne for this rrle= is Spring 19!)(). where bi.wing takea place in random number space [19, 20] . The technique has been partially tried in MCNP to automatically learn to J ide phaae spsce into importance regions [21] . !kfuch work remains to be done, but the payoffs could he enorrncm In terms of the computer savin~and the more difficult problems that could be solved.
Future Directions
In the discrete ordinates area, a smrdl eflort is being expended on three-dimensional transport using faster aigorithr-os with capabilities euch as diffusion synthelic ac celebration. Additional are M of importance to nuclear wrll logging that deserve attention are generalized geometry, time dependence, efficient multi tuking algorithms, ran(l appropriate Iinka between discrete nrdinatea and hlonte Carlo Once available, these improved discrete ordinnten capabilities could contribute heavily to the understanding of nuclear well logging tool reeponoes.
Our data bases will continue to be irnprovrd as mm-b m pcaaible to provide the Iatcet evtdumtionn.
In the netw future, ENllF/lYVl will become nvailabk Rnd has, nmong other things, improved representations of particlr cnrr~-nngle correlations.
'r. intergrale lhe new rvnluntionH ir~to MCNP will require considt-r~t)lc rflort hrcnllm of It),' )i~w data structures.
14 Summary
